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WAFER PRODUCED THEREBY, AND
ASSOCIATED METHODS AND DEVICES
USING THE WAFER

FIELD OF THE INVENTION

The 1nvention relates to the field of semiconductors, and,
more particularly, to methods for making single crystal
walers and the wafers produced thereby.

BACKGROUND OF THE INVENTION

Gallium nitride (GaN) is a highly desirable material for
making many types of electronic devices. GaN has a wide
bandgap of about 3.4 ¢V and 1s a direct-transistion type of
semiconductor, and 1s thus attractive for light-emitting
devices. It also has a high breakdown voltage, good trans-
port properties and the ability to form high quality hetero-
structures. Accordingly, GaN 1s also attractive for high
power, high temperature applications, such as high power
amplifiers.

The desirable starting material for a GaN-based device
would preferably be a bulk crystal or wafer form of GalN, on
which various doped layers could be epitaxially grown.
Unfortunately, GaN 1n wafer form 1s not producible using
conventional melt pulling crystal growth techniques, as are
silicon wafers, for example. Accordingly, approaches have
been pursued for producing single crystal GalN films on
orowth substrates which remain attached to the GaN film to
further serve as support or which are later removed.

For example, U.S. Pat. No. 5,625,202 to Chai discloses
forming GaN on various substrate materials to produce light
emitting devices. These substrate materials are described as
modified wurtzite structure oxide compounds and include
Lithium Aluminum Oxide, Sodium Aluminum Oxide,
Lithium Galllum Oxide, Sodium Gallium Oxide, Lithium
Germanium Oxide, Sodium Germanium Oxide, Lithium
Silicon Oxide, Silicon Oxide, Lithium Phosphor Oxide,
Lithium Arsenic Oxide, Lithium Vanadium Oxide, Lithium
Magnesium Germanium Oxide, Lithium Zinc Germanium
Oxide, Lithium Cadmium Germanium Oxide, Lithium Mag-
nesium Silicon Oxide, Lithium Zinc Silicon Oxide, Lithium
Cadmium Silicon Oxide, Sodium Magnesium Germanium
Oxide, Sodium Zinc Germanium Oxide, and Sodium Zinc
Silicon Oxide. The GaN layer remains on the growth sub-
strate.

U.S. Pat. No. 6,156,581 to Vaudo et al. discloses growing
one of a gallium, aluminum, or indium (Ga, Al, In) nitride
layer on a substrate for subsequent fabrication, by metalor-
ganic chemical vapor deposition (MOCVD) or molecular
beam epitaxy (MBE) of a microelectronic device thereon.
Vapor-phase (Ga, Al, In) chloride is reacted with a vapor-
phase nitrogenous compound 1n the presence of a substrate
to form (Ga, Al, In) nitride. The thickness of the base layer
may be on the order of 2 microns and greater, and the defect
density may be on the order of 10° cm™ or lower. The patent
provides a laundry list of proposed foreign substrates includ-
ing sapphire, silicon, silicon carbide, diamond, lithium
gallate, lithium aluminate, zinc oxide, spinel, magnesium
oxide, ScAIMgO4, gallium arsenide, silicon-on-insulator,
carbonized silicon-on-insulator, carbonized silicon-on-
silicon, gallium nitride, etc., including conductive as well as
insulating and semi-insulating substrates, twist-bonded sub-
strates (1.e., where the substrate of crystalline material is
bonded to another single crystal substrate material with a
finite angular crystallographic misalignment), and compliant

substrates of the type disclosed in U.S. Pat. No. 5,563,428 to
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Ek et al., etc. The patent further discloses that in some
embodiments, the substrate can be removed leaving a free-
standing wafer. Unfortunately, the patent provides speciiic
crowth 1nformation only for sapphire.

U.S. Pat. No. 6,139,628 to Yur1 et al. discloses forming
GaN on sapphire by first heating the substrate 1 gas
atmosphere mcluding gallium, forming a first gallium nitride
on the substrate, and forming a second gallium nitride on the
first gallium nitride at a higher temperature than the tem-
perature when the first galllum nitride was formed. A prod-
uct of the gas including mono-atomic metal galllum 1s

bonded to the surface of the substrate homogeneously and 1n
a high density by applying heat to the substrate 1n the gas
atmosphere mncluding galltum. The first gallium nitride 1s
formed at the low temperature by using the bonded metal
gallium so that gallium nitride can complete its initial
crowth flat and homogeneously without re-vaporization.
Further, after forming the first galllum nitride, the second
gallium nitride 1s formed at the higher temperature, whereby
the crystallinity of not only the first gallium nitride but also
the second gallium nitride are 1mproved through the heat
treatment with the high temperature. After the third step is
completed, the substrate may be removed.

A number of other approaches have also formed pretreat-
ment layers prior to GaN deposition. For example, U.S. Pat.
No. 6,086,673 to Molnar discloses forming a zinc oxide
pretreatment layer on sapphire and then subjected to a
gaseous environment including HC1 and/or NH3 containing
oas, that 1s thermochemically reactive with the zinc oxide.
An epitaxial layer of GaN can be grown on the pretreated
substrate.

Along these lines, U.S. Pat. No. 6,218,280 B1 to Kryliouk
et al. discloses forming a nitrided layer on a lithium gallate
substrate, forming a first GaN layer on the nitrided layer by
metalorganic chemical vapor deposition (MOCVD), grow-
ing a next GalN portion using halide vapor phase epitaxy, and
crowing a capping GalN layer again using MOCVD. The
GaN layers may then be separated from the substrate. The
patent lists a number of other proposed substrates 1in addition

to the specifically disclosed lithium gallate. These other
substrates 1nclude L1AlO,, MgAlScO,, Al2MgO, and

LiNdO.,. Unfortunately, the use of MOCVD results 1n car-
bon being incorporated into the GaN watfer. This carbon may
be undesirable for many applications where pure GaN 1s
desired.

An article by Naniwae et al. entitled “Growth of Single
Crystal GaN substrate Using Hydride Vapor Phase Epitaxy”™
in Jnl of Crystal Growth, Vol. 99, 1990, pp. 381-384,
discloses growth of GalN films on a sapphire substrate. A
pretreatment of gallium and HCI without ammonia for
10-20 minutes at 1030° C. is used to pretreat the sapphire

surface prior to metalorganic vapor phase epitaxy (MOVPE)
of the GaN {film.

An article by Xu et al. enftitled “y-L1AlO, single crystal:
a novel substrate for GaN epitaxy” 1n the Journal of Crystal
Growth, Vol. 193, 1998, pp. 127-132, discloses L1AlO, as
a substrate for GaN film growth. The substrates were pre-
treated with ammonia, and thereafter the GaN film was
orown using metalorganic chemical vapor deposition.
Another article by Xu et al. entitled “MOCVD Growth of
GaN on LiAlO, Substrates” in Phys. Stat. Sol. (a) Vol. 176
(1999), pp. 589593 also discloses an Li1AlO, substrate, an
ammonia pretreatment, and MOCVD to form the GaN layer.
Unfortunately, the MOCVD process may not be sufficiently
fast to produce thicker films. In addition, the precursor gas
for deposition 1s trimethylgallium which results in carbon
being undesirably incorporated into the GalN layer.
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An article by Waltereit et al. entitled “Nitride semicon-
ductors free of electrostatic fields for efficient white light-
emitting diodes” 1n Letters to Nature, Vol. 406, Aug. 24,
2000, pp. 865-868, discloses the epitaxial growth of a thin
layer of M-plane GaN on vy-L1AlO, using plasma-assisted
molecular beam epitaxy. The exposed surface of the thin
GalN layer may be bonded to another substrate and the
L1A10, layer then selectively removed to form certain types
of higher efficiency devices.

An article also by Waltereit et al. entitled “Growth of
M-Plane GaN(1i00): A Way to Evade Electrical Polarization
in Nitrides” in Phys. Stat. Sol. (a) Vol. 180 (2000) pp.
133—-138, similarly discloses the formation of an M-plane
GaN layer on Li1AlO, substrate. The thin GaN layer (1.5 um
sample) 1s grown using molecular beam epitaxy at a rela-
tively slow growth rate of 0.5 um/h. The article reports that
M-plane GaN 1s free of electrical polarization, as compared
to more convention C-plane GaN, and that this leads to
improved electron-hole wavefunction overlap and therefore
improved quantum efficiencies. The M-plane GaN quantum
wells have a dramatic improvement 1n room-temperature
quantum efficiency, and the authors surmise that if contri-
butions from competing non-radiative recombination chan-
nels are equal for M-plane and C-plane wells, then M-plane
GalN opens the way for highly efficient ultraviolet emission.

Despite continuing developments 1n the area of GalN film
orowth, what would still be desired 1s an efficient approach
to produce free-standing, high quality, single crystal, GaN
walers for use 1n subsequent device fabrication.

SUMMARY OF THE INVENTION

In view of the foregoing background, it is therefore an
object of the present invention to provide a method for
making high-quality, free-standing, single crystal GalN
walers for use 1n electronic devices.

This and other objects, features and advantages 1n accor-
dance with the present invention are provided by a method
for making a free-standing, single crystal, galllum nitride
(GaN) wafer comprising forming a single crystal GaN layer
directly on a single crystal L1AlO, substrate using a gallium
halide reactant gas, and removing the single crystal L1AlIO,
substrate from the single crystal GaN layer to make the
free-standing, single crystal GaN wafer.

Forming the single crystal GaN layer may comprise
depositing GaN by vapor phase epitaxy (VPE) using the
gallium halide reactant gas and a nitrogen-containing reac-
tant gas. For example, the gallium halide reactant gas may
comprise gallium chloride, and the nitrogen-containing reac-
fant gas may comprise ammonia.

Because gallium halide 1s used as a reactant gas rather
than a metal organic reactant, such as trimethygallium
(TMGQ), the growth of the GaN layer can be performed using
VPE which provides commercially acceptable rapid growth
rates. In addition, the GaN layer 1s also devoid of carbon
throughout. Because the GaN layer produced is high quality
single crystal, 1t may have a defect density of less than about
10" cm™=. Its major surface opposite the LiAlO., substrate is
also relatively smooth, such as having a surface roughness
of less than about 5 nm RMS. Accordingly, the upper surface
does not need a smoothing capping layer, such as also
typically formed using a metal organic, such as TMG.
Considered 1n somewhat different terms, the method may be
considered as forming a single crystal GaN layer devoid of
carbon directly on the single crystal L1AlO., substrate.

Another aspect of the invention relates to pretreating the
single crystal Li1AlO, substrate prior to depositing GaN
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which may enhance the quality of the GalN single crystal
layer. More particularly, the pretreating may use the gallium
halide reactant gas without the nitrogen-containing reactant
cas. The pretreating may be performed for a time sufficient
to form a monolayer of gallium on the single crystal L1Al1O,
substrate. The pretreating and depositing may also be per-
formed 1n the same chamber. Of course, the L1AIO, sub-
strate may be cleaned prior to forming the GaN layer.

The method may be advantageously used to produce a (1
100)-oriented GaN wafer. Such a wafer offers advantages in
terms of efficiency and producing UV spectrum light emut-
ting devices. The (1100)-oriented GaN layer may be grown
by using (100)-oriented tetragonal (y) LiAlO, as the starting
substrate material.

An advantage of the LL1AlO, substrate 1s that 1t may be
considered a compliant substrate, unlike sapphire, for
example, that tends to cause walers to take a bowed shape.
Moreover, the method may include forming the GalN layer
at an elevated temperature, and with the L1AlO, substrate
and the GalN layer having relative thicknesses so that the
L1AlO, substrate develops cracks therein upon cooling from
the elevated temperature. These cracks may be advanta-
geous for a subsequent wet etching step to remove the
L1A10, substrate. The wet etching may comprise wet etch-
ing using hydrochloric acid at a temperature above room
temperature.

The method may include the use of an L1AlO, substrate
having a diameter of 50 mm or greater so that the single
crystal GaN walers have a corresponding relatively large
diameter. The GaN layer may also be grown to have a

thickness of greater than about 100 um.

Another aspect of the invention relates to a free-standing,
single crystal GaN waler having characteristics different
than prior art GaN waters. More particularly, the GaN wafer
may comprise (1100)-oriented, single crystal GaN which is
devoid of carbon throughout, and which has a defect density
of less than about 10’ cm™. In addition, a major surface may
have a relatively smooth surface with a surface roughness of
less than about 5 nm RMS. The free-standing GalN wafer
may have a diameter of greater than about 50 mm, and a
thickness of greater than about 100 microns.

Another aspect of the invention relates to a method for
making an electronic device, such as a light-emitting device,
for example. The method preferably includes providing a (1
100)-oriented, single crystal gallium nitride (GaN) layer
being devoid of carbon and having a defect density of less
than about 10’ ¢cm™2; forming at least one doped semicon-
ductor layer adjacent the (1100)-oriented, single crystal GaN
layer; and forming at least one contact to the at least one
doped semiconductor layer. A major surfaces of the (1
100)-oriented, single crystal GaN layer may have a surface
roughness of less than about 5 nm RMS. The (1
100)-oriented, single crystal GaN layer may also have a
thickness of greater than about 100 microns.

Still another aspect of the invention relates to an elec-
tronic device, such as a light-emitting device, for example.
The electronic device preferably includes a (1i00)-oriented,
single crystal gallium nitride (GaN) layer being devoid of
carbon throughout and having a defect density of less than
about 10’ cm™; at least one doped semiconductor layer
adjacent the (1100)-oriented, single crystal GaN layer; and at
least one contact to the at least one doped semiconductor
layer.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1 through 3 are schematic cross-sectional views
illustrating forming of a GaN layer on an L1AlO., substrate
in accordance with the present invention.
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FIG. 4 1s a schematic perspective view of the intermediate
GaN product as shown 1 FIG. 3, with the L1Al1O, substrate
being shown on top.

FIG. 5 1s a schematic cross-sectional view of the inter-
mediate GaN product 1llustrating wet etching of the L1Al1O,
substrate.

FIG. 6 1s a schematic cross-sectional view of the free-
standing, single crystal GaN wafer after the L1AlO, sub-
strate 1s removed.

FIG. 7 1s a flow chart of the steps for making the
free-standing GalN waler in accordance with the imnvention.

FIG. 8 1s a flow chart of the steps for making an electronic
device using the single crystal GaN waler 1 accordance
with the 1nvention.

FIG. 9 1s a schematic perspective view of an electronic
device using the single crystal GaN walfer 1 accordance
with the 1nvention.

FIG. 10 1s an SEM micrograph of a surface of a GaN
waler 1n accordance with the present mnvention.

FIG. 11 1s an x-ray scanning plot of a GaN wafer in
accordance with the invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The present mnvention will now be described more tully
hereinafter with reference to the accompanying drawings, 1n
which preferred embodiments of the invention are shown.
This invention may, however, be embodied 1n many different
forms and should not be construed as limited to the embodi-
ments set forth herein. Rather, these embodiments are pro-
vided so that this disclosure will be thorough and complete,
and will fully convey the scope of the invention to those
skilled 1 the art. Like numbers refer to like elements
throughout. The appearance of regions and layers 1s not to
scale and may be exaggerated for clarity of explanation.

Referring initially to FIGS. 1-7 the present invention 1s
first explamned. FIGS. 1 though 6 illustrate intermediate
structures during manufacture, while the flow chart of FIG.
7 sets forth the corresponding process steps. Accordingly,
reference will be made to both the intermediate structures
and the method steps 1n the following description for clarity.
From the start (Block 42), an Li1AlO, substrate 20 (FIG. 1)
1s provided, and the substrate may be cleaned at Block 44.
After cleaning, the Li1AlO, substrate 20 1s placed 1n a
deposition chamber or reactor, not shown, which provides
the controlled conditions for growth of the GalN layer 24 as
will be readily appreciated by those skilled in the art.

At Block 46, the substrate 20 may be pretreated to form
a gallium monolayer 22 thereon as shown i FIG. 2. It 1s
theorized by applicants, without their wishing to be bound
thereto, that the monolayer 22 comprises Ga and some
halide, and that this monolayer improves the subsequent
orowth of GaNlN. It 1s believed that the halide 1s substantially
removed during the subsequent deposition step. The pre-
treating (Block 46) may use a gallium halide reactant gas,
such as GaCl, without the nitrogen-containing reactant gas,
such as NH3. This i1s in contrast to a number of prior art
approaches, such as U.S. Pat. No. 6,218,280, which suggest
the desirability of first nitriding the surface of the substrate.
U.S. Pat. No. 6,139,628 also discloses the desirability of
forming an 1nitial growth layer of gallium nitride which 1is

performed at a lower temperature prior to deposition of the
GaN layer.

Of course, the pretreating (Block 46) may be performed
for a time sufficient to form the galllum monolayer 22 on the
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single crystal L1Al1O, substrate 20. For example, the pre-
treating (Block 46) may be carried out for about 30 seconds
to 2 minutes. It 1s also theorized that the pretreating (Block
46) may not be needed for all applications.

As shown 1 FIG. 3 and indicated at Block 48 of the flow
chart 40 of FIG. 7, the GaN layer 24 may be grown on the
pretreated substrate 20. This growth may be conveniently
carried out 1n the same reactor or deposition chamber as was
the pretreating. The single crystal GaN layer 24 may be
deposited by vapor phase epitaxy (VPE) using the gallium
halide reactant gas and a nitrogen-containing reactant gas.
The optional pretreating (Block 46) and depositing by halide
VPE (Block 48) may be considered as forming the single
crystal GaN layer 24.

The gallium halide reactant gas may comprise gallium
chloride, and the nitrogen-containing reactant gas may com-
prisec ammonia, for example. Other galllum halide gasses
may be used as will be appreciated by those skilled in the art.
In addition, other nitrogen-containing gasses other than NH,
may also be used, although NH, 1s preferred for most
applications. Both the pretreatment (Block 46) and halide
VPE (Block 48) may be carried out at a temperature in a
range of about 800 to 1100° C., and at a pressure of in a
range of about 100 to 300 Torr.

At Block 50, the L1AlO, substrate 20 and GaN layer 24

are allowed to cool. Because the L1AlO, substrate i1s
compliant, 1t does not bow as the GalN forms, as typically
occurs when using a conventional sapphire substrate, for
example. In addition, the L1AlO, substrate 20 will relieve
stress due to the difference 1n thermal expansion coeflicients

by forming cracks, schematically illustrated by lines 21 1n
FIG. 4.

As shown 1n FIG. §, the L1AlO, substrate 20 and GaN
layer 24 may be wet etched (Block 52) to remove the
substrate and leave a free-standing single crystal GaN layer
24 as shown 1n FIG. 6. As schematically shown 1 FIG. 5,
the GaN layer 24 and L1AlO, substrate may be placed 1n an
ctchant 32, such as hydrochloric acid 32, in a suitable
container. To 1ncrease the etch rate, the etchant 32 may be
heated as will be appreciated by those skilled 1n the art. As
shown in FIG. 5, during etching, some of the substrate
portions 20b may separate first, leaving other substrate
portions 20a still attached to the GaN layer 24. However, the
substrate portions 20a will also be removed over time before
stopping at Block 54, and leaving only the GaN layer 24 to

thereby produce the free-standing, single crystal GaN wafer
as shown 1n FIG. 6.

The single crystal GaN water 24 may advantageously be
(1100)-oriented, single crystal GaN based upon growth using
(100)-oriented tetragonal () L1AlO, as the starting substrate
20). Those of skill in the art will appreciate that the term “(1
100)-oriented” is the same as (10i0), (1100), (1010), (01i0), or
(0110)-oriented in view of the hexagonal crystalline structure
of the GaN. For simplicity and clarity of explanation, only
the designation (1100)-oriented is used elsewhere herein.
Such a (1i00)-oriented GaN wafer 24 offers advantages in
terms of efficiency and producing UV spectrum light emit-
ting devices as will be appreciated by those skilled 1n the art.

One aspect of the 1nvention 1s thus directed to a method
for making the free-standing, single crystal, GalN wafer 24
comprising forming a single crystal GalN layer 24 directly on
a single crystal L1Al1O, substrate 20 using a gallium halide
reactant gas, and removing the single crystal L1AlO., sub-
strate from the single crystal GaN layer. Because gallium
halide 1s used as a reactant gas rather than a metal organic
reactant such as trimethygallium (TMG), the growth of the
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GaN layer 24 can be performed using VPE which provides
commercially acceptable rapid growth rates.

The GaN layer 24 1s also devoid of carbon throughout.
Also, because the GalN layer 24 produced 1s high quality
single crystal, 1ts upper major surface opposite the L1AIO,
substrate 20 1s relatively smooth and does not typically need
a smoothing capping layer, such as also typically formed
using a metalorganic reactant, such as TMG. The upper
major surface opposite the substrate 20 may have a surface
roughness of less than about 5 nm RMS. In addition, the
free-standing GaN wafer 24 may have a diameter (D) of
greater than about 50 mm, and a thickness (T) of greater than
about 100 microns.

Turning now additionally to the flow chart 60 of FIG. 8
and the exemplary electronic device 80 of FIG. 9 other
aspects of the invention are now described 1n further detail.
In particular, the GaN water 24 as described above may be
used to form electronic devices, particularly, light-emaitting,
devices producing wavelengths 1n the ultraviolet region.
From the start (Block 62), the method for making such an
electronic device may include providing a (1i00)-oriented,
single crystal GaN layer 24 being devoid of carbon through-
out and having a defect density of less than about 10" cm™>.
The method also illustratively includes forming at least one
doped semiconductor layer adjacent the (1i00)-oriented,
single crystal GaN layer, such as by VPE (Block 66) or other
deposition techniques as will be appreciated by those skilled
in the art. Thereafter, at Block 68 at least one contact may
be formed to the at least one doped semiconductor layer. The
at least one doped semiconductor layer may comprise a
compound of AlGalnN, for example.

As described above, the upper major surface of the (1
100)-oriented, single crystal GaN layer 24 may have a
surface roughness of less than about 5 nm RMS. The (1
100)-oriented, single crystal GaN layer 24 may also have a
thickness (T) of greater than about 100 microns.

Accordingly, still another aspect of the invention relates to
an electronic device, such as a light-emitting device, for
example. The electronic device may be broadly considered
as including the (1100)-oriented, single crystal GaN layer 24
being devoid of carbon throughout and having a defect
density of less than about 10" cm™; at least one doped
semiconductor layer adjacent the (1100)-oriented, single
crystal GaN layer; and at least one contact to the at least one
doped semiconductor layer.

Arepresentative light-emitting device 80 1s now described
with specific reference to FIG. 9. The device 80 1llustratively
includes an aluminum electrode layer 81 on the lower
surface of the single crystal GaN layer 24. The aluminum
layer 81 may have a thickness on the order of 150 nm. On
the upper surface of the GaN layer 24 1s an n-type Si1:GaN
epitaxial layer 83, which may have a thickness of about 1000
nim.

Stacked on the n-type GalN layer 83 are a series of
additional semiconductor layers 84-87. For example, these
layers illustratively include, an Si1: AlGaN n-type layer 84 of
about 150 nm thickness, an InGaN active layer 85 of about
50 nm, an Mg:AlGaN p-type layer 86 of about 150 nm, and
an Mg:GalN p-type layer 87 of about 500 nm. An Ni-Au
contact layer 91 1s 1llustratively on the semiconductor layer
stack 84-87. A p-electrode bonding pad 92 1s provided on
the Ni—Au layer 91. An opening 94 through the Ni—Au
layer 91 permits light 93 to be emitted from the device 80 as
will be appreciated by those skilled 1n the art.

As will also be appreciated by those skilled in the art,
other electronic devices, mcluding those that emit light and
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those that do not, may also beneficially be made using the
GalN water 24 as described herein.

EXAMPLES

The following examples are provided for further
explanation, but are not itended to be limitative of the
present 1nvention.

A 40 mm diameter wafer of LiAlO, was placed in a
beaker containing 12N hydrochloric acid and heated for one
hour at 150° F. on a hot plate. It was then removed from the
acid, and rinsed with distilled water, 1sopropyl alcohol, and
acetone. It was dried in a vacuum oven at 200° C. for 30 min.
The water was placed on a S1C coated graphite susceptor,
contaming a 52 mm pocket. The susceptor plus the wafer
were transferred into the deposition section of the reaction
chamber. The reaction chamber was a horizontal quartz tube
with a 100 mm outer diameter and a 95 mm 1nner diameter.
Nitrogen gas flow was started. The furnace was turned on,
and the wafer was heated up.

The reactor was similar to the traditional RCA Corpora-
tion design for Halide Vapor Phase Epitaxy (HVPE) reac-
tors. There are three zones 1n the furnace, zone 1 1s the
deposition zone, zone 2 1s the center zone, and zone 3 1s the
halide generation zone. Zone 1 1s 203 mm long, zone 2 1s
152 mm long, and zone 3 1s 203 mm long. These zones are
resistance heated. A quartz boat, 32 mm 1n diameter and 150
mm long was placed 1n zone 3. The boat was filled with
liquid gallium metal. The gallium boat was located within an
inner quartz tube with a 38 mm diameter, coaxial with the
orowth chamber tube. During operation, hydrogen always
flowed over the galllum boat to maintain a reducing atmo-
sphere. During growth, anhydrous hydrogen chloride was
also passed over the galllum metal, which generated GaCl
when zone 3 was maintained at an elevated temperature. In
the reactor, the generation efficiency was about 95% when
the zone 3 temperature was 850° C. The halide generation
tube ends as a spout located 25 mm before the position of the
edge of the S1C-coated graphite susceptor.

The axial center of the SiC-coated graphite susceptor 1s
located at the junction between zone 1 and zone 2. The
susceptor was rotated during a growth run, giving the entire
piece the average temperature that was maintained at the
junction between the two furnace zones. Halide vapor phase
epitaxy 1s a near equilibrium growth process. Therefore, the
center zone was maintained at the highest temperature, while
the deposition zone was at a lower temperature. The result-
ing temperature gradient drove the following reversible
reaction, to the right:

GaCl+NH,<—GaN+HCl+H,

The system pressure was set at 200 Torr. The wafer was
rotated at 60 rpm. The furnaces were set at zone 1=960° C.,
zone 2=1050° C., and zone 3=850° C. The sample tempera-
ture was 1010° C. The ammonia flow rate was set at 3000
ml./min. The hydrogen flow rate was set at 100 mL/min. The
HC1 flow rate was set at 20 mL/min. The total flow of
nitrogen carrier gas was 10,000 mL/min.

In one example, the L1AlO, substrate was placed on the
susceptor rotator 1n the growth furnace at ambient
temperature, alter which the furnace was turned on and the
sample was brought up to temperature i1n situ. The time to
arrive at a growth temperature of about 1000° C. was about
3 hours. Alternatively, the furnace can already be set at an
elevated temperature, preferably 800° C., when the substrate
1s mserted. This allows a time for annealing. The annealing
time was about 30 min. Finally, the water may be inserted
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into the growth zone when the furnace has reached the
desired temperature. In any case, hydrogen was always
flowing over the gallium boat to preserve a reducing envi-
ronment.

When the substrate arrived at the desired growth
temperature, the flow of HCl was started. Thus GaCl was
transported to the surface of the Li1AlO, substrate, and
became adsorbed. As noted above, it 1s theorized that
cgallium atoms are adsorbed onto the surface, and chlorine
atoms may be yet bonded to each gallium, but face away
from the surface. This condition was allowed to remain from
30 to 60 seconds. Then the flow of ammonia was started. The

NH; molecules landed on the surface, the nitrogen formed
bonds with the surface monolayer of gallium, and HCl was
vaporized from the surface.

Under these conditions, the growth rate of GaN was about
50 microns per hour. GaN layers up to 0.15 mm thick have
been grown. The layers are transparent and have mirror
smooth surfaces. The GaN crystals deposited on (100)
L1AlO, exhibit the (1100) orientation.

The L1AlO, substrate 1s very soft or compliant compared
with GaN. Upon cooling to room temperature, 1t develops
stress limes. L1AIO, 1s a compliant substrate because it
relieves the stress due to different rates of thermal compres-
sion by fracturing, rather than by bowing the GaN. The
finished sample was placed 1n a 50:50 mixture of distilled
water and 12 N HCl for 1 hour at 210° F. All of the LiAlO,
dissolved away, leaving a free standing GalN wafer with a 40
mm diameter.

A photomicrograph of the top surface of the center of a
GalN wafer 24 produced 1n accordance with the example 1s
shown 1n FIG. 10. The scanning electron microscope pho-
tomicrograph reveals the surface as high quality, single
crystal material. The x-ray data plotted in FIG. 11 further
confirms that the GaN wafer was (1100)-oriented. In other
words, that the c-axis was 1n the plane of the wafer.

Other samples were also prepared with the following
parameters. Temperatures were set as follows: zone 1=910°
C., zone 2=1000° C., zone 3=850° C., thereby producing a
growth temperature=960° C. The flow rate of NH,=2000
ml./min was used, and the flow rate of NH;=1000 mL/min
was also used. The system pressure was 1n range from 100
to 300 Torr. The tlow rate of HCl was 1n a range from 10 to
40 mL/min. and the growth rate was found to be directly
proportional to this flow rate. The rotation speed was in
range from 20 to 120 rpm. In addition, a larger L1AlO,
substrate of a 50.8 mm diameter was also used.

Many modifications and other embodiments of the inven-
tion will come to the mind of one skilled in the art having
the benefit of the teachings presented in the foregoing
descriptions and the associated drawings. Therefore, 1t 1s
understood that the invention 1s not to be limited to the
specific embodiments disclosed, and that modifications and
embodiments are intended to be included within the scope of
the appended claims.

That which 1s claimed 1s:

1. A method for making a free-standing, single crystal,
gallium nitride (GaN) wafer comprising:

providing a single crystal lithium aluminate (LLi1AlO.)

substrate;

forming a single crystal GaN layer directly on the single
crystal L1AlO, substrate using a gallium halide reactant
gas; and
removing the single crystal L1AlO, substrate from the
single crystal GaN layer to make the free-standing,
single crystal GaN wafer.
2. A method according to claim 1 wherein forming the
single crystal GaN layer comprises depositing GalN by vapor
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phase epitaxy (VPE) using the gallium halide inorganic
reactant gas and a nitrogen-containing reactant gas.

3. A method according to claim 2 wherein the gallium
halide reactant gas comprises gallium chloride.

4. A method according to claim 2 wherein the nitrogen-
containing reactant gas comprises ammonia.

5. A method according to claim 2 further comprising,
pretreating the single crystal L1AlO, substrate prior to
depositing GalN using the gallium halide reactant gas with-
out the nitrogen-containing reactant gas.

6. A method according to claim S wherein the pretreating
1s performed for a time sufficient to form a monolayer of

cgallium on the single crystal L1AlO, substrate.
7. A method according to claim 5 wherein the pretreating,

and depositing are performed 1n the same chamber.

8. A method according to claim 1 wherein the single
crystal L1AlO, substrate comprises tetragonal Li1AlQO,.

9. A method according to claim 8 wherein the tetragonal
LiAlO, 1s (100)-oriented so that the single crystal GaN layer
is a (1100)-oriented GaN layer.

10. A method according to claim 1 wherein the forming 1s
performed at an elevated temperature, and the single crystal
LL1A1O, substrate and the single crystal GalN layer have
relative thicknesses so that the single crystal Li1AlO, sub-
strate 1s compliant and develops cracks therein upon cooling
from the elevated temperature.

11. A method according to claim 1 wherein separating
comprises wet etching the single crystal L1AlO, substrate
away from the single crystal GaN layer.

12. A method according to claim 11 wherein wet etching
comprises wet etching using hydrochloric acid at a tempera-
ture above room temperature.

13. A method according to claim 1 wherein the single
crystal GaN layer has a defect density of less than about 10’
cm™~.

14. A method according to claim 1 wherein the single
crystal L1AlO, substrate has a diameter of at least about 50
mm.

15. A method according to claim 1 wherein the single
crystal L1AlO, substrate has a thickness of less than about
500 um.

16. A method according to claim 1 wherein the single
crystal GaN layer has a thickness of greater than about 100
um.

17. A method according to claim 1 further comprising
cleaning the single crystal L1AlO., substrate before forming
the single crystal GalN layer.

18. A method for making a free-standing, (1100)-oriented,
single crystal, gallium nitride (GaN) wafer comprising:

providing a (100)-oriented, single crystal, tetragonal ()

lithium aluminate (LiAlO,) substrate;
forming a (1i00)-oriented, single crystal, GaN layer
directly on the (100)-oriented, single crystal, y-L1AlO,
substrate using a gallium halide reactant gas to a
thickness of greater than about 100 ¢m; and

removing the (100)-oriented, single crystal, y-LiAlO,
substrate from the (1100)-oriented, single crystal GaN
layer to make the free-standing, (1100)-oriented GaN
walfer.

19. A method according to claim 18 wheremn forming the
(1100)-oriented, single crystal, GaN layer comprises depos-
iting GaN by vapor phase epitaxy (VPE) using the gallium
halide reactant gas and a nitrogen-containing reactant gas.

20. A method according to claim 19 wherein the gallium
halide reactant gas comprises gallium chloride; and wherein
the nitrogen-containing reactant gas comprises ammonia.

21. A method according to claim 19 further comprising
pretreating the (100)-oriented, single crystal, y-LL1AlO, sub-
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strate prior to depositing GaN using the gallium halide
reactant gas without the nitrogen-containing reactant gas.

22. A method according to claim 21 wherein the pretreat-
ing 1s performed for a time sufficient to form a monolayer of
gallium on the (100)-oriented, single crystal, y-LL1A1O, sub-
strate.

23. A method according to claim 18 wherein the forming
is performed at an elevated temperature, and the (100)-
oriented y-LiAlO, substrate and the (1i100)-oriented, single
crystal, GaN layer have relative thicknesses so that the
(100)-oriented y-LiAlO, substrate 1s compliant and develops
cracks therein upon cooling from the elevated temperature.

24. A method according to claim 18 wherein the (1
100)-oriented, single crystal GaN layer has a defect density
of less than about 10" cm™.

25. A method according to claim 17 wherein the (100)-
oriented, single crystal, y-L1AlO,, substrate has a diameter of
at least about 50 mm and a thickness of less than about 500
um; and wherein the (1100)-oriented, single crystal, GaN
layer has a thickness of greater than about 100 um.

26. A method for making a free-standing, single crystal,
gallium nitride (GaN) wafer comprising:

providing a single crystal lithium aluminate (LLiAlO.)

substrate;

pretreating the single crystal Li1AlO, substrate with a

gallium halide reactant gas in an environment devoid of
a reactive nitrogen gas;

depositing GaN directly on the pretreated L1AlO., sub-
strate by vapor phase epitaxy (VPE) using the gallium
halide reactant gas and ammonia to form a single
crystal GaN layer; and

removing the single crystal Li1AlO, substrate from the

single crystal GaN layer to make the free-standing,
single crystal GaN walfer.

27. A method according to claim 26 wherein the gallium
halide reactant gas comprises gallium chloride.

28. A method according to claim 26 wherein the pretreat-
ing 1s performed for a time sufficient to form a monolayer of
gallium on the single crystal L1AlO, substrate.

29. A method according to claim 26 wherein the pretreat-
ing and depositing are performed 1n the same chamber.

30. A method according to claim 26 wherein the single
crystal L1AlO, substrate comprises tetragonal LiAlQO,.

31. A method according to claim 30 wherein the tetrago-
nal LiAlO, is (100)-oriented so that the single crystal GaN
layer 1s a (1100)-oriented GaN layer.

32. A method according to claim 26 wherein the forming
1s performed at an clevated temperature, and the single
crystal L1AlO, substrate and the single crystal GaN layer
have relative thicknesses so that the single crystal L1AlO,
substrate 1s compliant and develops cracks therein upon
cooling from the elevated temperature.

33. A method according to claim 26 wherein separating
comprises wet etching the single crystal L1AlO., substrate
away from the single crystal GaN layer.

34. A method according to claim 26 wherein the single
crystal GaN layer has a defect density of less than about 10’
cm™”.

35. A method according to claim 26 wherein the single
crystal L1AlO, substrate has a diameter of at least about 50
mm and a thickness of less than about 500 x#m; and wherein
the single crystal GaN layer has a thickness of greater than
about 100 um.

36. A method according to claim 24 further comprising
cleaning the single crystal L1AlO., substrate before forming
the single crystal GalN layer.

J7. A method for making a free-standing, single crystal,
gallium nitride (GaN) wafer devoid of carbon, the method
comprising:
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providing a single crystal lithium aluminate (L1AlO,)
substrate;

forming a single crystal GaN layer devoid of carbon
directly on the single crystal LL1AlO,, substrate; and

removing the single crystal L1AlO., substrate from the

single crystal GaN layer to make the free-standing,
single crystal GalN watfer devoid of carbon.

38. A method according to claim 37 wherein forming the

single crystal GaN layer devoid of carbon comprises depos-

iting GalN by vapor phase epitaxy (VPE) using a gallium
halide 1norganic reactant gas and a nitrogen-containing
recactant gas.

39. A method according to claim 38 wherein the gallium
halide reactant gas comprises gallium chloride; and wherein
the nitrogen-containing reactant gas comprises ammonia.

40. A method according to claim 37 further comprising,
pretreating the single crystal LiAlO, substrate prior to
depositing GalN using the gallium halide reactant gas with-
out the nitrogen-containing reactant gas.

41. A method according to claim 40 wherein the pretreat-
ing 1s performed for a time sufficient to form a monolayer of
cgallium on the single crystal L1AlO, substrate.

42. A method according to claim 40 wherein the pretreat-
ing and depositing are performed 1n the same chamber.

43. A method according to claim 37 wherein the single
crystal LiAlO, substrate comprises (100)-oriented, tetrago-
nal L1AlO, so that the single crystal GaN layer devoid of
carbon is a (1100)-oriented GaN layer devoid of carbon.

44. A method according to claim 37 wherein the forming
1s performed at an elevated temperature, and the single
crystal L1AlO, substrate and the single crystal GaN layer
devoid of carbon have relative thicknesses so that the single
crystal L1AlO, substrate 1s compliant and develops cracks
therein upon cooling from the elevated temperature.

45. A method according to claim 37 wherein the single
crystal GaN layer devoid of carbon has a defect density of
less than about 10" ¢cm™.

46. A method according to claim 37 wherein the single
crystal L1AlO, substrate has a diameter of at least about 50
mm and a thickness of less than about 500 um; and wherein
the single crystal GaN layer devoid of carbon has a thickness
of greater than about 100 um.

47. A free-standing wafer comprising (1i00)-oriented,
single crystal gallium nitride (GaN) being devoid of carbon
throughout and having a defect density of less than about 10’
cm™”.

48. A free-standing wafer according to claim 47 wherein
at least one major surface thercof has an RMS surface
roughness of less than about 5 nm.

49. A free-standing wafer according to claim 47 having a
diameter of greater than about 50 mm.

50. A free-standing wafer according to claim 47 having a
thickness of greater than about 100 microns.

51. A free-standing wafer comprising (1100)-oriented,
single crystal gallium nitride (GaN) being devoid of carbon
throughout and having a defect density of less than about 10’
cm™~ and a thickness greater than about 100 microns, and a
diameter of greater than about 50 mm.

52. A free-standing wafer according to claim 51 wherein
at least one major surface thercof has an RMS surface
roughness of less than about 5 nm.

53. Amethod for making an electronic device comprising;:

providing a (1100)-oriented, single crystal gallium nitride

(GaN) layer being devoid of carbon throughout and

having a defect density of less than about 10" cm™=;

forming at least one doped semiconductor layer adjacent
said (1i00)-oriented, single crystal GaN layer; and
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forming at least one contact to said at least one doped

semiconductor layer.

54. A method according to claim 53 wherein said at least
one doped semiconductor layer comprise a compound of
AlGalnN.

55. A method according to claim 53 wherein a surface of
said (1100)-oriented, single crystal GaN layer adjacent said
at least one doped semiconductor layer has an RMS surface
roughness of less than about 5 nm.

56. A method according to claim 53 wherein said (1
100)-oriented, single crystal GaN layer has a thickness of
orecater than about 100 microns.

57. Amethod according to claim 53 wherein the electronic
device comprises a light-emitting device.

58. An electronic device comprising:

a (1i00)-oriented, single crystal gallium nitride (GaN)
layer being devoid of carbon adjacent at least both of
the major opposing surfaces having a defect density of

less than about 107 cm'z;
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at least one doped semiconductor layer adjacent said (1
100)-oriented, single crystal GaN layer; and

at least one contact to said at least one doped semicon-
ductor layer.

59. An electronic device according to claim 58 wherein
said at least one doped semiconductor layer comprise a
compound of AlGalnN.

60. An electronic device according to claim 38 wherein a
surface of said (1i00)-oriented, single crystal GaN layer
adjacent said at least one doped semiconductor layer has an
RMS surface roughness of less than about 5 nm.

61. An clectronic device according to claim 58 wherein

said (1100)-oriented, single crystal GaN layer has a thickness
of greater than about 100 microns.

62. An clectronic device according to claim 58 wherein
the electronic device comprises a light-emitting device.
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